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(57) ABSTRACT 

A nuclear sensor on a bottomhole assembly (BHA) makes 
measurements of a property of an earth formation during 
continued rotation of the BHA. Magnetometers that are 
susceptible to bias error are deployed on the BHA to make 

measurements of the magnetic toolface angle. A processor 
separates the sensor measurements into azimuthal sectors 

While compensating for inherent time delays in the electron 
ics, non-uniform rotation, and bias. 
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MAGNETOMETERS FOR 
MEASUREMENT-WHILE-DRILLING 

APPLICATIONS 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

This applications claims priority from US. Provisional 
Patent Application Ser. No. 60/526,448 ?led on Dec. 3, 
2003. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates generally to borehole logging appa 

ratus and methods for performing measurement While drill 
ing applications. More particularly, this invention relates to 
a neW and improved apparatus and method for effecting 
determination of toolface orientation using doWnhole mag 
netometers. 

2. Background of the Art 
Oil Well logging has been knoWn for many years and 

provides an oil and gas Well driller With information about 
the particular earth formation being drilled. In conventional 
oil Well logging, after a Well has been drilled, a probe knoWn 
as a sonde is loWered into the borehole and used to deter 
mine some characteristic of the formations Which the Well 
has traversed. The probe is typically a hermetically sealed 
steel cylinder Which hangs at the end of a long cable Which 
gives mechanical support to the sonde and provides poWer 
to the instrumentation inside the sonde. The cable also 
provides communication channels for sending information 
up to the surface. It thus becomes possible to measure some 
parameter of the earth’s formations as a function of depth, 
that is, While the sonde is being pulled uphole. Such “Wire 
line” measurements are normally done in real time (hoW 
ever, these measurements are taken long after the actual 
drilling has taken place). 

Measurement-While-drilling logging either partly or 
totally eliminates the necessity of interrupting the drilling 
operation to remove the drillstring from the hole in order to 
make the necessary measurements by Wireline techniques. 
In addition to the ability to log the characteristics of the 
formation through Which the drill bit is passing, this infor 
mation on a real time basis provides substantial safety 
advantages for the drilling operation. 
One potential problem With MWD logging tools is that 

the measurements are typically made While the tool is 
rotating. Since the measurements are made shortly after the 
drillbit has drilled the borehole, Washouts are less of a 
problem than in Wireline logging. Nevertheless, there can be 
some variations in the spacing betWeen the logging tool and 
the borehole Wall (“stando?‘”) With aZimuth. Nuclear mea 
surements are particularly degraded by large standolfs due to 
the scattering produced by borehole ?uids betWeen the tool 
and the formation. 

There are several teachings in prior art that involve 
partitioning a cross-section of the borehole into a number of 
sectors. For example, US. Pat. No. 5,397,893 to Minette, 
teaches a method for analyZing data from a measurement 
While-drilling (MWD) formation evaluation logging tool 
Which compensates for rotation of the logging tool (along 
With the rest of the drillstring) during measurement periods. 
US. Pat. No. 5,513,528 to Holenka et al teaches a method 
and apparatus for measuring formation characteristics as a 
function of aZimuth about the borehole. The measurement 
apparatus includes a logging While drilling tool Which turns 
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2 
in the borehole While drilling. The doWn vector of the tool 
is derived ?rst by determining an angle 4) betWeen a vector 
to the earth’s north magnetic pole, as referenced to the cross 
sectional plane of a measuring While drilling (MWD) tool 
and a gravity doWn vector as referenced in said plane. The 
logging While drilling (LWD) tool includes magnetometers 
and accelerometers placed orthogonally in a cross-sectional 
plane. Using the magnetometers and/or accelerometer mea 
surements, the toolface angle can usually be determined. 
The angle 4) is transmitted to the logging While drilling tool 
thereby alloWing a continuous determination of the gravity 
doWn position in the logging While drilling tool. Quadrants, 
that is, angular distance segments, are measured from the 
doWn vector. US. Pat. No. 6,584,837 to Kurkoski having the 
same assignee as the present application and the contents of 
Which are fully incorporated herein by reference teaches a 
method of aZimuthal and offset binning for analysis of 
nuclear data in an MWD environment. 

Minette, Holenka and Kurkoski do not address possible 
sources of error in relying on magnetometer readings made 
using magnetometers on a rotating drillstring. One source of 
error is the nonuniform rotation speed of the drillstring. A 
second problem is the time delay inherent in the electronics. 
Measurements may be made simultaneously by the forma 
tion sensor and the orientation sensors, but there is a time 
delay betWeen the time the measurements are made With the 
tWo types of sensors and the time at Which they are pro 
cessed. The interaction betWeen the tWo sources of error, i.e., 
nonuniform rotation and time delay, can be fairly complex 
as discussed beloW. The problem of nonuniform rotation is 
partially addressed in copending US. patent application Ser. 
No. 10/629,268 of Cairns et al. having the same assignee and 
the contents of Which are fully incorporated herein by 
reference. HoWever, addressing the non-uniform rotation by 
itself gives only a partial solution. In addition, there is the 
problem of bias in the orientation sensor measurements. 
Generally, magnetometers are preferred as orientation sen 
sors over gyroscopes, and magnetometers are susceptible to 
errors causes by metallic drill collars, casing, and accumu 
lated debris. There is a need for a method of determining 
accurate orientation values using measurements made by a 
magnetometer on a MWD logging tool. The present inven 
tion satis?es this need. 

SUMMARY OF THE INVENTION 

One embodiment of the present invention is a method of 
evaluating an earth formation during drilling. Measurements 
are made With an orientation sensor indicative of a toolface 

angle of a bottomhole assembly (BHA) during rotation. 
Measurements are also made With a directionally sensitive 
formation evaluation (FE) sensor during rotation of the BHA 
The measurements made by the FE sensor are corrected 
using a speed of rotation of the BHA. The orientation 
measurements may be made by a magnetometer, gyroscope, 
or an accelerometer. The directionally sensitive FE sensors 
may include a nuclear sensor, a resistivity sensor, a nuclear 
magnetic resonance sensor and a natural gamma sensor. The 
correcting of the FE sensor measurements is based on 
verifying the occurrence of rotation of the BHA by analysis 
of measurements made by the orientation sensor. 

The correcting of the FE sensors may include accumu 
lating orientation measurements over a time interval or over 
a selected number of rotations of the BHA. A bias value for 
the orientation measurements may be determined. A loW 
pass ?lter may be applied to the orientation measurements. 
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Another embodiment of the invention is an apparatus for 
evaluating an earth formation during drilling. The apparatus 
an orientation sensor on a BHA Which makes measurements 

indicative of a toolface angle of the BHA during rotation. A 
directionally sensitive FE sensor on the BHA makes mea 
surements of a property of the earth formation during the 
rotation. A processor corrects the FE sensor measurements 
using a speed of rotation of the BHA. The orientation sensor 
is selected from the group consisting of (i) a magnetometer, 
(ii) gyroscope, and, (iii) an accelerometer. The directionally 
sensitive FE sensor may be a nuclear sensor, a resistivity 
sensor, a nuclear magnetic resonance sensor, or a natural 
gamma sensor. The processor may correct the FE sensor 
measurements based at least in part on veri?cation of 
occurrence of rotation of the BHA. The measurements of the 
orientation sensor may be accumulated over a time interval 
or for a speci?ed number of rotations of the BHA. The 
processor may correct the FE sensor measurements by 
determining a bias value and/or scale factor in the orienta 
tion sensor measurements. A loW pass ?ltering may be 
applied. The BHA may be conveyed in the borehole on a 
drillstring or on coiled tubing. 

Another embodiment of the present invention is a 
machine readable medium having instructions for evaluating 
an earth formation. The medium includes instructions for 
using a measurements made by an orientation sensor on a 
rotating BHA for correcting a measurements made by a 
directionally sensitive FE sensor on the BHA using a speed 
of rotation of the BHA. The orientation sensor may be a 
magnetometer or an accelerometer. The directionally sensi 
tive FE sensor may be a nuclear sensor, a resistivity sensor, 
a nuclear magnetic resonance sensor or a natural gamma 
sensor. Instructions for verifying the occurrence of rotation 
of the BHA by analysis of the orientation sensor measure 
ments may be included. Instructions for determining a bias 
and/or scale factor in the orientation sensor measurements 
may be included in the medium. The medium may be a 
ROM, an EPROM, an EEPROM, a Flash Memories, or an 
Optical disk. 

Another embodiment of the invention is a method of 
drilling a borehole in an earth formation. A plurality of 
magnetometers are conveyed into the borehole. From the 
outputs of the magnetometers, an indication of a source of 
magnetic disturbance in proximity to the borehole is 
obtained and the drilling direction is controlled based on the 
indication. The source of the magnetic disturbance may be 
a casing external to the Wellbore. The magnetometers may 
be tWo-component magnetometer. The indication of the 
magnetic disturbance may be a magnetic ?eld gradient. 
During the processing outputs of the plurality of magnetom 
eters may be clipped. The control of the drilling direction is 
based at least in part on an asymmetry of measurements 
made by at least one of the plurality of magnetometers 
during continued rotation of the BHA. Bias in the magne 
tometers may be determined. The external casing may 
include a permanent magnet or a radioactive source. Use 
may be made of B,C measurements at orientations of the BHA 
substantially 180o apart and By measurements at orientations 
of the BHA substantially orthogonal to the orientations at 
Which the B,C measurements are made. 

In another embodiment, the present invention comprises 
an apparatus for drilling a borehole in an earth formation. 
The apparatus includes BHA including a drill bit, at least 
tWo magnetometers positioned at substantially opposite 
sides of he BHA, a processor on the BHA Which determines 
from outputs of the at least tWo magnetometers a magnetic 
?eld gradient and controls a drilling direction of the BHA 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
based on the determined magnetic ?eld gradient. The tWo 
magnetometers may be tWo-component magnetometers. The 
determined ?eld gradient may be indicative of a direction of 
a casing external to the borehole. 

BRIEF DESCRIPTION OF THE FIGURES 

For detailed understanding of the present invention, ref 
erences should be made to the folloWing detailed description 
of the preferred embodiment, taken in conjunction With the 
accompanying draWings, in Which like elements have been 
given like numerals and Wherein: 

FIG. 1 (prior art) is a schematic illustration of a drilling 
system suitable for use With the present invention; 

FIG. 2a shoWs a block diagram of an apparatus for 
making nuclear measurements as a function of azimuth; 

FIG. 2b shoWs a illustrating standoff and orientation 
sensors in a cross sectional vieW; 

FIG. 3 shoWs measurements that Would be made by tWo 
orthogonal magnetometers as a function of tool rotation in a 
vertical borehole; 

FIG. 4 shoWs the effect of rotation speed on nuclear 
measurements made With an exemplary sensor assembly; 

FIG. 5 shoWs simulated results of error in aZimuth deter 
mination as a function of rotation speed; 

FIGS. 6a and 6b shoW the outputs of tWo orthogonal 
magnetometers on a rotating bottom hole assembly, and an 
error in the magnetometer measurements; 

FIG. 7 shoWs a How chart of an embodiment of the 
invention for correcting for errors resulting from use of the 
magnetometer measurements; 

FIG. 8 shoWs corrected measurements corresponding to 
FIG. 4 using the method of the present invention; 

FIG. 9 shoWs an example of residual errors in use of the 
magnetometer outputs using the method of the present 
invention; 

FIGS. 10a and 10b shoW potential problems associated 
With drilling of directional Wells having a common conduc 
tor; 

FIG. 11 shoWs a schematic diagram of a con?guration of 
magnetometers suitable for use as a gradiometer for direc 
tional drilling; 

FIG. 12 shoWs exemplary outputs for the magnetometers 
of FIG. 11 making possible the drilling of directional Wells; 

FIG. 13 shoWs measurements by additional magnetom 
eters on opposite sides of the drill collar; 

FIG. 14 shoWs the output of magnetometers used as a 
gradiometer; and 

FIG. 15 illustrates the effect of clipping of the magne 
tometer signals. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 1 shoWs a schematic diagram of a drilling system 10 
With a drillstring 20 carrying a drilling assembly 90 (also 
referred to as the bottom hole assembly, or “BHA”) con 
veyed in a “Wellbore” or “borehole” 26 for drilling the 
Wellbore. The drilling system 10 includes a conventional 
derrick 11 erected on a ?oor 12 Which supports a rotary table 
14 that is rotated by a prime mover such as an electric motor 
(not shoWn) at a desired rotational speed. The drillstring 20 
includes a tubing such as a drill pipe 22 or a coiled-tubing 
extending doWnWard from the surface into the borehole 26. 
The drillstring 20 is pushed into the Wellbore 26 When a drill 
pipe 22 is used as the tubing. For coiled-tubing applications, 
a tubing injector, such as an injector (not shoWn), hoWever, 
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is used to move the tubing from a source thereof, such as a 
reel (not shown), to the Wellbore 26. The drill bit 50 attached 
to the end of the drillstring breaks up the geological forma 
tions When it is rotated to drill the borehole 26. If a drill pipe 
22 is used, the drillstring 20 is coupled to a draWWorks 30 
via a Kelly joint 21, sWivel, 28 and line 29 through a pulley 
23. During drilling operations, the draWWorks 30 is operated 
to control the Weight on bit, Which is an important parameter 
that affects the rate of penetration. The operation of the 
draWWorks is Well knoWn in the art and is thus not described 
in detail herein. 

During drilling operations, a suitable drilling ?uid 31 
from a mud pit (source) 32 is circulated under pressure 
through a channel in the drillstring 20 by a mud pump 34. 
The drilling ?uid passes from the mud pump 34 into the 
drillstring 20 via a desurger 36, ?uid line 28 and Kelly joint 
21. The drilling ?uid 31 is discharged at the borehole bottom 
51 through an opening in the drill bit 50. The drilling ?uid 
31 circulates uphole through the annular space 27 betWeen 
the drillstring 20 and the borehole 26 and returns to the mud 
pit 32 via a return line 35. The drilling ?uid acts to lubricate 
the drill bit 50 and to carry borehole cutting or chips aWay 
from the drill bit 50. A sensor S 1 preferably placed in the line 
38 provides information about the ?uid ?oW rate. A surface 
torque sensor S2 and a sensor S3 associated With the drill 
string 20 respectively provide information about the torque 
and rotational speed of the drillstring. Additionally, a sensor 
(not shoWn) associated With line 29 is used to provide the 
hook load of the drillstring 20. 

In one embodiment of the invention, the drill bit 50 is 
rotated by only rotating the drill pipe 22. In another embodi 
ment of the invention, a doWnhole motor 55 (mud motor) is 
disposed in the drilling assembly 90 to rotate the drill bit 50 
and the drill pipe 22 is rotated usually to supplement the 
rotational poWer, if required, and to effect changes in the 
drilling direction. 

In the embodiment of FIG. 1, the mud motor 55 is coupled 
to the drill bit 50 via a drive shaft (not shoWn) disposed in 
a bearing assembly 57. The mud motor rotates the drill bit 
50 When the drilling ?uid 31 passes through the mud motor 
55 under pressure. The bearing assembly 57 supports the 
radial and axial forces of the drill bit. A stabiliZer 58 coupled 
to the bearing assembly 57 acts as a centraliZer for the 
loWermost portion of the mud motor assembly. 

In one embodiment of the invention, a drilling sensor 
module 59 is placed near the drill bit 50. The drilling sensor 
module contains sensors, circuitry and processing softWare 
and algorithms relating to the dynamic drilling parameters. 
Such parameters preferably include bit bounce, stick-slip of 
the drilling assembly, backWard rotation, torque, shocks, 
borehole and annulus pressure, acceleration measurements 
and other measurements of the drill bit condition. A suitable 
telemetry or communication sub 72 using, for example, 
tWo-Way telemetry, is also provided as illustrated in the 
drilling assembly 100. The drilling sensor module processes 
the sensor information and transmits it to the surface control 
unit 40 via the telemetry system 72. 

The communication sub 72, a poWer unit 78 and an MWD 
tool 79 are all connected in tandem With the drillstring 20. 
Flex subs, for example, are used in connecting the MWD 
tool 79 in the drilling assembly 90. Such subs and tools form 
the bottom hole drilling assembly 90 betWeen the drillstring 
20 and the drill bit 50. The drilling assembly 90 makes 
various measurements including the pulsed nuclear mag 
netic resonance measurements While the borehole 26 is 
being drilled. The communication sub 72 obtains the signals 
and measurements and transfers the signals, using tWo-Way 
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6 
telemetry, for example, to be processed on the surface. 
Alternatively, the signals can be processed using a doWnhole 
processor in the drilling assembly 90. 
The surface control unit or processor 40 also receives 

signals from other doWnhole sensors and devices and signals 
from sensors S l-S3 and other sensors used in the system 10 
and processes such signals according to programmed 
instructions provided to the surface control unit 40. The 
surface control unit 40 displays desired drilling parameters 
and other information on a display/monitor 42 utiliZed by an 
operator to control the drilling operations. The surface 
control unit 40 preferably includes a computer or a micro 
processor-based processing system, memory for storing pro 
grams or models and data, a recorder for recording data, and 
other peripherals. The control unit 40 is preferably adapted 
to activate alarms 44 When certain unsafe or undesirable 
operating conditions occur. The system also includes a 
doWnhole processor, sensor assembly for making formation 
evaluation and an orientation sensor. These may be located 
at any suitable position on the bottom hole assembly (BHA). 

Turning noW to FIG. 2a, a block diagram of equipment 
used for determination of density by aZimuthal sectors is 
shoWn. The microprocessor used for controlling density 
measurements is denoted by 109 While the microprocessor 
used for aZimuth and stand off measurements is indicated by 
114. The density measuring device 108 includes a source of 
nuclear radiation, tWo detectors denoted by 105 and 106, and 
the detectors poWer supply 104. The detectors 105 and 106 
are called the LS and SS detectors (for long spaced and short 
spaced). A preampli?er for the output of the LS and SS 
detectors is denoted by 107. Also shoWn is a common 
system bus 101, and a modem 103. It should be noted that 
additional detectors could also be used. Operation of the 
density measuring device is knoWn in the art and is not 
discussed further. For the purposes of the present invention, 
counts made by the LS and SS detectors are accumulated by 
aZimuthal sectors While the MWD tool is rotating. 
The standoff/azimuth determination assembly includes 

tWo stand off sensors 111 and 113 and a magnetometer 112. 
The spatial con?guration of the standoff sensors and mag 
netometers is shoWn in FIG. 2b. 

FIG. 3 shoWs idealiZed magnetometer measurements that 
Would be made by tWo magnetometers (referred to as x- and 
y-) magnetometers. These may be referred to as the B,C and 
By measurements. In a vertical borehole, the tWo magne 
tometer output should be a sinusoid. The magnetometers 
make measurements of a magnetic toolface angle that is 
responsive to the component of the earth’s magnetic ?eld 
along the sensitive axis of the magnetometer. In a deviated 
borehole, using knoWn relations, the magnetic toolface angle 
can be converted to a high side toolface angle indicative of 
rotation of the tool about a longitudinal axis. 

Turning noW to FIG. 4, an example of data recorded using 
density sensors on a rotating drillstring are shoWn. Pro 
cessed data from eight aZimuthal sectors, each 450 in siZe, 
are shoWn. Measurements made by nuclear sensors are 
statistical in the sense that they are dependent upon nuclear 
interactions such as scattering that can be described only in 
a statistical sense. For the data in FIG. 4, the source Was in 
sector 7. The curve 201 gives the measured counts averaged 
over a number of rotations of the drillstring When the 
drillstring Was rotating at 20 rpm. As can be seen, the 
measured count peaks at sector 7 (as it should) and the 
spread in the count is a measure of the resolution of the tool. 
When the rotation speed is increased to 125 rpm, the results 
are denoted by 203 and shoW that the peak count is not in 
sector 7 (as it should be) but occurs in sector 6. When the 
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rotation speed is increased to 200 rpm, the peak count for the 
curve 205 is displaced closer toWards sector 5. One cause of 
these erroneous measurements is a time delay in the elec 
tronics. In addition to the shift in the sector, it can be seen 
that the absolute counts are also quite different With the 
higher rotational speeds. This can give an erroneous inter 
pretation of the magnitude of possible aZimuthal variations 
of formation property. 

Turning noW to FIG. 5, shoWn is a simulated error 251 as 
a function of rotational speed of a uniformly rotating tool for 
a ?xed time delay betWeen the time aZimuth measurements 
are made and the time at Which they are matched up With a 
processor that processes the output of the nuclear sensors. 
This explains to a large part the shift in the peak values 
shoWn in FIG. 4. The spread in the measurements is, on the 
other hand, due to the statistical nature of the nuclear 
measurements. The abscissa is the rotation speed in rpm 
While the ordinate is the error in degrees. At 200 rpm, the 
error can be over 45° (or one sector). It should be noted that 
similar shifts Would be observed With any kind of doWnhole 
aZimuthal sensor measurements, such as resistivity measure 
ments, nuclear magnetic resonance measurements, natural 
gamma measurements, etc. HoWever, the other measure 
ments Would not shoW the statistically caused spread in the 
measurements observed With nuclear measurements. 

In reality, the rotational speed may not be uniform. The 
cause for non-uniform rotational speed are numerous, and 
includes the phenomenon knoWn as stick-slip, Wherein the 
drillbit sticks, and then resumes rotation intermittently. An 
example of What could be observed is shoWn in FIGS. 6a 
and 6b. ShoWn in FIG. 6a are simulated outputs from x- and 
y- magnetometers. The abscissa is the rotational angle in 
tens of degrees and the ordinate is a magnetometer output. 
FIG. 6b shoWs error 305 in degrees for one of the sensors. 
There are numerous sources of error that are included. 

One source of error is the non-uniform rotation of the 
sensor assembly. Another source of error is a bias in the 
magnetometer readings. In the present invention, the errors 
are removed by using a methodology outlined in FIG. 7. A 
check is made of the magnetometer outputs to verify that 
rotation is occurring 401. Rotation can be con?rmed by 
several techniques previously knoWn in the art, including 
counting Zero-crossings, counting peaks, computing an FFT 
and determining a fundamental frequency of a minimum 
amplitude in an expected range, or ?tting a sinusoid to the 
sampled data Within certain bounds. The outputs are accu 
mulated over an appropriate period of time (or number of 
cycles or rotation and the average value is determined 403. 
This is done separately for the B,C and By measurements and 
gives a bias value that is stored in memory and is then 
subtracted from subsequent magnetometer measurements 
405. A scale factor is then determined relating the magni 
tudes of the sinusoids for the B,C and By components 407. 
This is based on the assumption that the B,C and By mea 
surements are exposed to the same external ?eld and that 
they are primarily seeing the component of the earth’s 
magnetic ?eld in the radial direction (perpendicular to the 
tool axis). A check is made to make sure that the adjustments 
are Within acceptable tolerances for changes and the rate of 
change. In open hole (With no local magnetic gradient), the 
compensated magnetometer should produce sinusoidal out 
puts While rotating at constant speed. A check of this 
condition can include ?tting a sinusoid to the X and Y 
readings, respectively, and verifying su?iciently adequacy of 
the ?t. If the presence of a signi?cant gradient is indicated, 
the bias compensation routine can be delayed until drilling 
advances the sensor to a “clean” section of the Wellbore. 
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A shift in the determined angle based on a nominal 

rotational speed (see FIG. 5) is then applied to the bias 
corrected, scaled B,C and By measurements. Correcting both 
the bias and scale factor is required to avoid distortion of the 
derived toolface angle. The magnetic toolface angle is 
determined by tan_l(B}/Bx). Another source of error for 
Which correction is applied is due to the effects of induced 
eddy currents in a rotating metallic drillstring. As discussed 
in Us. Pat. No. 5,012,412, to Helm, the main effect of eddu 
currents is to produce a shift in the magnetic toolface angle 
that, like the errors due to time delays, is also a linear 
function of frequency. 

It is common practice to use the high side (HS) toolface 
angle in many applications. In order to determine an offset 
betWeen the HS toolface angle and the magnetic toolface 
angle measured by a rotating magnetometer, measurements 
may be made by an accelerometer When the BHA is not 
rotating. 

Turning now to FIG. 8, a plot is shoWn of counts by sector 
after applying the corrections. Comparing With FIG. 4, it can 
be seen that the curves 203' and 205' do not shoW an 
aZimuthal shift relative to the curve 201' (the loWest rota 
tional speed). It is also seen that the magnitudes of the curves 
at higher speed are not much different from the magnitude 
at loWer speed. This Will give a better aZimuthal image than 
Would be obtained by data corresponding to FIG. 4. 
The improvement in imaging capabilities also applies to 

other formation evaluation sensors. For example, prior art 
methods use resistivity sensors for obtaining a resistivity 
image of the borehole Wall. Bedding of the earth formation 
is commonly indicated by resistivity contrasts, so that by 
?tting sinusoids to the resistivity image, a dip (and strike 
direction) of the bedding to the borehole axis can be 
obtained. Absolute dip and strike can then be inferred from 
survey information. In the presence of non-uniform rotation, 
the sinusoidal curve ?tting can be a problem. With the 
method of the present invention, compensation is made for 
errors in the toolface angle, resulting in improved determi 
nation of bedding. 

Another feature of the present invention is the selection of 
the loW-pass ?lter used for the A/D converter for the 
magnetometer data. The angular error curve shoWn in FIG. 
6b had a 50 HZ loW pass ?lter applied to the magnetometer 
data. This is believed to be too restrictive. ShoWn in FIG. 9 
is the angular error curve of the magnetometer data after 
applying the process discussed With respect to FIG. 7 and 
With a 250 HZ loW pass ?lter for the A/D converter. The 
magnitude of the error is typically less than 10 compared to 
values as large as 6° in FIG. 7. 

Another embodiment of the present invention uses tWo 
magnetometers as a gradiometer. Such an arrangement may 
be used in drilling of directional Wells using a shared 
conductor. A cross sectional vieW of the arrangement is 
shoWn in FIG. 1011 Where a large borehole 501 has been 
drilled into the earth formation beloW the shared conductor. 
Also shoWn are tWo casing lines 503, 505 that are in intimate 
electrical and magnetic contact With each other over several 
hundreds or thousands of meters. The tWo casings may be 
tWisted to an unknoWn extent over the depth range. One of 
the casings, say 505 extends deeper than casing 503. The 
objective is to drill the Well With casing 503 using drillstring 
504 in a desired direction such as that denoted by 511. It can 
be seen that With the arrangement shoWn in FIG. 10a, the 
Well Would be drilled through the casing 505, something that 
is clearly undesirable. On the other hand, if the tWo casings 
are in the relative positions shoWn as 503' and 505' seen in 
FIG. 10b, the deviated Well 511' may be drilled Without the 
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problem depicted in FIG. 10a. The present invention makes 
it possible to determine the relative positions of the tWo 
casings in the presence of an unknown amount of twisting. 

In the present invention, the determination of the relative 
orientation of tWo casings is determined by using the con 
?guration shoWn in FIG. 11. TWo magnetometers labeled 
515a and 51519 are placed on opposite sides of an MWD 
collar 521. The pair of magnetometers is then used as a 
gradiometer that provides an indication of the orientation of 
the casing 505" relative to the collar 521. In order to get an 
accurate measurement of the orientation, it is necessary that 
the calibration of the tWo magnetometers be properly deter 
mined. 

FIG. 12 shoWs several curves of measurements made by 
magnetometers on a rotating drillstring in the presence of a 
?eld gradient due to a magnetic pole on an adjacent casing. 
The abscissa is the tool face rotation angle and the ordinate 
is the ?eld measurement. The units for the ordinate are 
relative to the earth’s magnetic ?eld. The Toolface angle of 
90° corresponds to magnetic north for the illustration. The 
curve 601 shoWs the sinusoidal variation of the earth’s 
magnetic ?eld. The curve 603 shoWs the effect of a magnetic 
pole on a second casing on the magnetic ?eld. The asym 
metry of the curve 603 is an indication of the ?eld gradient 
and results from the fact that one side of a rotating drill collar 
is closer to the magnetic pole than the other side. For the 
illustrative example, only the distance from the magnetic 
pole has been considered and angular effects have been 
ignored. In a more accurate calculation, the angular effect 
can be taken into account. For the example shoWn, the 
magnetic pole is oriented in the same direction as the earth’s 
magnetic ?eld. A more accurate calculation could account 
for the difference betWeen magnetic north and the orienta 
tion of the magnetic pole. For the example shoWn, as is 
typically the case, the effect of the magnetic pole on an 
adjacent casing is much greater than the earth’s magnetic 
?eld. The curve 605 shoWs the sum of curves 601 and 603, 
While the curve 607 shoWs a ?eld measured by a biased B,C 
magnetometer at 515b, i.e., With its sensitive axis radially 
inWards on the rotating drill collar. The curve 609 shoWs 
measurements that Would be made by a biased By magne 
tometer at 515b, i.e., one With a sensitive axis tangential to 
the rotating drill collar. 

Turning noW to FIG. 13, curves 607' and 609' are the same 
as curves 607 and 609. Curves 617 and 619 shoW What 
Would be measured by second B,C and By magnetometers on 
the opposite side ofthe drill collars, i.e., at 51511. Next, FIG. 
14 shoWs the ?rst B,C and By responses 607" and 609", the 
second B,C response 617", and the difference betWeen the ?rst 
and second B,C response 621, i.e., the output of a gradiometer. 

It is clear from FIGS. 12-14 that the relative orientation of 
the magnetic pole relative to the drill collar 521 can be 
determined from either single magnetometer measurements, 
or from dual magnetometer (gradiometer) measurements. In 
the case Where rotation is limited, the dual magnetometer 
method has clear advantages. When free rotation is alloWed, 
the advantage of using a single eccentric magnetometer is 
that it has the same bias and scale factor errors independent 
of its position. 
As a practical matter, the A/D converter for the magne 

tometer measurements is commonly con?gured so as to clip 
values above a certain level. The effect of this clipping in an 
extreme case is illustrated in FIG. 15 Where the clipping 
value is set equal to the earth’s magnetic ?eld. The curve 
621' in FIG. 15 corresponds to the gradiometer measurement 
621 in FIG. 14 and shoWs that even With severe clipping, the 
relative orientation of a magnetic pole on a casing proximate 
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10 
to a drill collar can be determined. The shape and character 
of the Waveform resulting from sampling during rotation, in 
addition to the peak values acquired, can be analyZed to 
deduce the orientation of the adjacent magnetic pole. 

In order to drill the offset Well in a desired direction, an 
independent survey Would need to be carried out using at 
gyroscopes or accelerometers. A suitable gyroscopic 
arrangement for such a survey is disclosed in Us. Pat. No. 
6,347,282 to Estes et al., having the same assignee as the 
present application and the contents of Which are fully 
incorporated herein by reference. 

With very Well-calibrated and accurate magnetometers, 
the rotation at an eccentric mounting point provides the 
ability to obtain 3 radial measurement points. Taking B,C 
readings at 0° and 1800 and By readings at 2700 and/or 90°, 
it is possible to determine the distance to the pole, the 
distance to undisturbed earth ?eld, and the pole strength. In 
addition, pole biases at each magnetometer and direction to 
the interference pole can be calculated With additional 
rotations, vertical displacements, and computations. 

To enhance the magnetic signals, a strategically placed 
permanent magnet can serve as a “hot spot” in the adjacent 
casing. In an alternate embodiment of the invention, acoustic 
sensing devices could be used for determination of relative 
orientation of the tWo casings. In yet another embodiment of 
the invention, the casing 505" may be provided With a 
radioactive “hot spot” that can be detected by a gamma ray 
sensor on the drill collar 521. 
The processing of the data may be done by a doWnhole 

processor to give corrected measurements substantially in 
real time. Alternatively, the measurements could be recorded 
doWnhole, retrieved When the drillstring is tripped, and 
processed using a surface processor. Implicit in the control 
and processing of the data is the use of a computer program 
on a suitable machine readable medium that enables the 
processor to perform the control and processing. The 
machine readable medium may include ROMs, EPROMs, 
EEPROMs, Flash Memories and Optical disks. 

While the foregoing disclosure is directed to the preferred 
embodiments of the invention, various modi?cations Will be 
apparent to those skilled in the art. It is intended that all 
variations Within the scope and spirit of the appended claims 
be embraced by the foregoing disclosure. 
What is claimed is: 
1. A method of evaluating an earth formation during 

drilling, the method comprising: 
(a) making ?rst measurements With an orientation sensor 

indicative of a toolface angle of a bottomhole assembly 
(BHA) during rotation thereof; 

(b) making a plurality of second measurements With a 
directionally sensitive formation evaluation (FE) sen 
sor during the rotation; 

(c) correcting the plurality of second measurements using 
a speed of rotation of the BHA determined at least in 
part from the ?rst measurements. 

2. The method of claim 1 further comprising selecting the 
orientation sensor from the group consisting of (i) a mag 
netometer, and, (ii) an accelerometer, and a gyroscope. 

3. The method of claim 1 further comprising selecting the 
directionally sensitive FE sensor from the group consisting 
of (i) a nuclear sensor, (ii) a resistivity sensor, (iv) a nuclear 
magnetic resonance sensor, and, (iv) a natural gamma sen 
sor. 

4. The method of claim 1 Wherein the correcting of the 
plurality of second measurements further comprises verify 
ing the occurrence of rotation of the BHA by analysis of the 
plurality of ?rst measurements. 
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5. The method of claim 4 wherein the correcting the 
plurality of second measurements further comprises accu 
mulating the plurality of ?rst measurements over at least one 
of (i) a time interval, and, (ii) a selected number of rotations 
of the BHA. 

6. The method of claim 5 Wherein the correcting the 
plurality of second measurements further comprises deter 
mining a bias value in said ?rst measurements. 

7. The method of claim 1 Wherein the correcting of the 
plurality of second measurements further comprises apply 
ing a loW pass ?lter to the ?rst plurality of measurements. 

8. The method of claim 1 further comprising: 
(i) making a measurement of high side (HS) toolface 

angle With an accelerometer at a time When the BHA is 
not rotating, 

(ii) using a relationship betWeen the ?rst measurements 
and the HS toolface angle measurement to apply an 
offset correction to subsequent measurements made by 
the orientation sensor and the directionally sensitive FE 
sensor. 

9. The method of claim 1 further comprising correcting 
for toolface shifts caused by eddy currents in the conductive 
BHA proportional. 

10. An apparatus for evaluating an earth formation during 
drilling, the apparatus comprising: 

(a) an orientation sensor on a bottomhole assembly 
(BHA) Which makes measurements indicative of a 
toolface angle of the BHA during rotation thereof; 

(b) a directionally sensitive formation evaluation (FE) 
sensor on the BHA Which makes measurements of a 

property of the earth formation during the rotation; and 
(c) a processor Which corrects the plurality of second 
measurements using a speed of rotation of the BHA. 

11. The apparatus of claim 10 Wherein the orientation 
sensor is selected from the group consisting of (i) a mag 
netometer, and, (ii) an accelerometer. 

12. The apparatus of claim 10 Wherein the directionally 
sensitive FE sensor is selected from the group consisting of 
(i) a nuclear sensor, (ii) a resistivity sensor, (iv) a nuclear 
magnetic resonance sensor, and, (iv) a natural gamma sen 
sor. 

13. The apparatus of claim 10 Wherein the processor 
further corrects the plurality of second measurements based 
at least in part on veri?cation of occurrence of rotation of the 
BHA. 

14. The apparatus of claim 13 Wherein the processor 
corrects the plurality of second measurements based at least 
in part on accumulating the plurality of ?rst measurements 
over at least one of (i) a time interval, and, (ii) a selected 
number of rotations of the BHA. 

15. The apparatus of claim 13 Wherein the processor 
further corrects the plurality of second measurements by 
determining a bias value in the plurality of ?rst measure 
ments. 

16. The apparatus of claim 10 Wherein the processor 
corrects the plurality of second measurements using a loW 
pass ?lter. 

17. The apparatus of claim 10 Wherein the BHA is 
conveyed into the borehole on one of (i) a drillstring, and, 
(ii) coiled tubing. 

18. A machine readable medium having instructions for 
evaluating an earth formation, the medium comprising 
instructions for: 

using a ?rst plurality of measurements made by an 
orientation sensor on a rotating bottom hole assembly 
(BHA) for correcting a second plurality of measure 
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12 
ments made by a directionally sensitive formation 
evaluation (FE) sensor on the BHA using a speed of 
rotation of the BHA. 

19. The machine readable medium of claim 18 Wherein 
the orientation sensor is selected from the group consisting 
of (i) a magnetometer, and, (ii) an accelerometer. 

20. The machine readable of claim 18 Wherein the direc 
tionally sensitive FE sensor is selected from the group 
consisting of (i) a nuclear sensor, (ii) a resistivity sensor, (iv) 
a nuclear magnetic resonance sensor, and, (iv) a natural 
gamma sensor. 

21. The machine readable medium of claim 18 further 
comprising instructions for verifying the occurrence of 
rotation of the BHA by analysis of the plurality of ?rst 
measurements. 

22. The machine readable medium of claim 18 further 
comprising instructions for determining a bias value in the 
plurality of ?rst measurements. 

23. The machine readable medium of claim 18 Wherein 
the medium is selected from: 

(i) ROMs, (ii) EPROMs, (iii) EAROMs, (iv) Flash 
Memories, and, (v) Optical disks. 

24. A method of drilling a borehole in an earth formation, 
the method comprising: 

(a) conveying a plurality of magnetometers into the 
borehole on a bottomhole assembly (BHA); 

(b) determining from outputs of the plurality of magne 
tometers an indication of a source of magnetic distur 
bance in proximity to the borehole; and 

(c) controlling a direction of the drilling based on said 
indication. 

25. The method of claim 24 Wherein each of the plurality 
of magnetometers comprises a tWo-component magnetom 
eter. 

26. The method of claim 24 Wherein said indication 
comprises a gradient of a magnetic ?eld. 

27. The method of claim 24 Wherein the source of 
magnetic disturbance comprises a casing. 

28. The method of claim 24 Wherein outputs of the 
plurality of magnetometers are clipped. 

29. The method of claim 24 Wherein controlling of the 
drilling direction is based at least in part on an asymmetry 
of measurements made by at least one of the plurality of 
magnetometers during continued rotation of the BHA. 

30. The method of claim 26 Wherein each of the plurality 
of tWo component magnetometers has a bias, the method 
further comprising determining the bias for each of the tWo 
component magnetometers. 

31. The method of claim 27 Wherein the casing includes 
at least one of (i) a permanent magnet, and, (ii) a radioactive 
source. 

32. The method of claim 27 Wherein the outputs of the 
magnetometers are based on B,C measurements at orienta 
tions of the BHA substantially 180o apart and By measure 
ments at orientations of the BHA substantially orthogonal to 
the orientations at Which the B,C measurements are made. 

33. An apparatus for drilling a borehole in an earth 
formation, the apparatus comprising: 

(a) a bottomhole assembly (BHA) including a drill bit; 
(b) at least tWo magnetometers positioned at substantially 

opposite sides of the BHA; 
(c) a processor on the BHA Which: 

(A) determines from outputs of the at least tWo mag 
netometers a magnetic ?eld gradient, and 
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(B) controlling a drilling direction of the BHA based on 
the determined magnetic ?eld gradient. 

34. The apparatus of claim 33 Wherein each of the at least 
tWo magnetometers comprises a tWo-component magnetom 
eter. 

35. The apparatus of claim 33 Wherein the determined 
?eld gradient is indicative of a direction of a casing external 
to the borehole. 

36. The apparatus of claim 33 Wherein outputs of the at 
least tWo magnetometers are clipped. 

37. The apparatus of claim 33 Wherein the processor 
controls the drilling direction based at least in part on an 

14 
asymmetry of measurements made by at least one of the at 
least tWo magnetometers during continued rotation of the 
BHA. 

38. The apparatus of claim 34 Wherein each of the 
plurality of tWo component magnetometers has a bias, and 
Wherein the processor further determines the bias for each of 
the tWo component magnetometers. 

39. The apparatus of claim 34 Wherein the processor 
further determines a scale factor relating the tWo compo 
nents of at least one of the plurality of tWo component 
magnetometers. 




